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Abstract
Objectives—The lenticulostriate arteries (LSAs) with small diameters of a few hundred microns 
take origin directly from the high flow middle cerebral artery (MCA), making them especially 
susceptible to damage (e.g. by hypertension). This study aims to present high resolution (isotropic 
~0.5 mm), black blood MRI for the visualization and characterization of LSAs at both 3T and 7T.
Materials and Methods—T1-weighted 3D turbo spin-echo with variable flip angles (T1w TSE-
VFA) sequences were optimized for the visualization of LSAs by performing extended phase 
graph (EPG) simulations. Twenty healthy volunteers (15 under 35 years old, 5 over 60 years old) 
were imaged with the T1w TSE-VFA sequences at both 3T and 7T. Contrast-to-noise ratio (CNR) 
was quantified, and LSAs were manually segmented using ITK-SNAP. Automated Reeb graph 
shape analysis was performed to extract features including vessel length and tortuosity. All 
quantitative metrics were compared between the two field strengths and two age groups using 
ANOVA.
Results—LSAs can be clearly delineated using optimized 3D T1w TSE-VFA at 3T and 7T, and a 
greater number of LSA branches can be detected compared to those by time-of-flight MR 
angiography (TOF MRA) at 7T. The CNR of LSAs was comparable between 7T and 3T. T1w 
TSE-VFA showed significantly higher CNR than TOF MRA at the stem portion of the LSAs 
branching off the medial middle cerebral artery. The mean vessel length and tortuosity were 
greater on TOF MRA compared to TSE-VFA. The number of detected LSAs by both TSE-VFA 
and TOF MRA was significantly reduced in aged subjects, while the mean vessel length measured 
on 7T TSE-VFA showed significant difference between the two age groups.
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Conclusion—The high-resolution black-blood 3D T1w TSE-VFA sequence offers a new method 
for the visualization and quantification of LSAs at both 3T and 7T, which may be applied for a 
number of pathological conditions related to the damage of LSAs.
Keywords
lenticulostriate artery (LSA); Black blood MRI; Turbo spin echo with variable flip angles (TSE 
VFA); Subcortical vascular dementia; Ultrahigh magnetic field; 7T
1. Introduction
Small arteries and arterioles, particularly the lenticulostriate arteries (LSAs) are known to be 
involved in silent strokes, which contribute to progressive cognitive impairment in elderly 
persons. Detailed anatomical studies on the LSAs have been performed following the 
discovery of miliary aneurysms or microaneurysms along the LSAs by Charcot and 
Bouchard (Charcot and Bouchard, 1868). These studies revealed that the LSAs take origin 
directly from the high flow middle cerebral artery (MCA) and consist of either single vessels 
with small outer diameters of only 0.08–1.4 mm (Marinković et al., 2001) or branches off 
common stems with outer diameters of 0.6–1.8 mm (Umansky et al., 1985). This abrupt size 
and flow change makes them especially susceptible to damage (e.g. by hypertension) 
(Dichgans and Leys, 2017). The LSAs supply important subcortical areas including the 
caudate nucleus, globus pallidus, putamen, and part of the posterior limb of the internal 
capsule (Alexander, 1942; Beevor, 1907; Duret, 1873), and can be divided into medial and 
lateral groups. The lateral group commonly includes a LSA that Charcot called “the artery of 
the cerebral hemorrhage” which may rupture and result in an intracerebral hemorrhage and 
subsequent damage to the subcortical regions (Charcot, 1883). Additionally, LSAs are “end 
arteries”, meaning that the regions they supply have little or no collateral blood supply. 
When occluded, it produces a lacunar infarct in the tissue they supply. The origin of LSAs is 
also a common site of MCA aneurysm (Umansky et al., 1985).
High resolution time-of-flight MR angiography (TOF MRA) at ultrahigh magnetic field of 
7T has been applied for the visualization of LSAs (Cho et al., 2008; Hendrikse et al., 2008). 
The morphology of these LSAs (e.g. branch number, radius, tortuosity) showed significant 
differences between subjects with subcortical vascular dementia (SVaD) and healthy 
controls (Seo et al., 2012) as well as between hypertensive and normotensive subjects (Kang 
et al., 2009b). These data demonstrate the potential for quantifying the morphology of LSAs 
as imaging biomarkers of hypertensive small vessel disease, which primarily affects 
subcortical regions. However, ultrahigh magnetic field is not commonly available in clinical 
practice. High-resolution black blood MRI is a technique originally developed for imaging 
intracranial vessel wall and plaques using 3D turbo spin-echo (TSE) sequences. Recently, 
TSE sequences (Alexander et al., 1998; Melhem et al., 1997) with variable flip angles (VFA) 
have been developed for black blood angiography (Yoneyama et al., 2012) and vessel wall 
imaging (Fan et al., 2016; Qiao et al., 2011; Qiao et al., 2014; van der Kolk et al., 2011). The 
long echo train of the TSE technique offers two advantages for visualizing small vessels: 1) 
adequate flow suppression by inherent dephasing of flowing signals (black blood MRI); 2) 
high spatial resolution (isotropic 0.5–0.6mm) and near whole-brain coverage in a clinically 
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acceptable time (<10min). These features suggest that TSE-VFA may also be suitable for 
imaging cerebral small vessels such as LSAs and other perforating arteries.
The purpose of this study was to present high resolution (isotropic ~0.5mm) 3D T1weighted 
TSE-VFA as a new approach for visualizing LSAs of young and aged subjects at standard 
clinical magnetic field strength of 3 Tesla and ultrahigh magnetic field of 7 Tesla. The 
imaging parameters of T1w TSE-VFA sequences were optimized through extended phase 
graph (EPG) simulations, and the visualization of LSAs was compared with that by TOF 
MRA at 7T. Quantitative metrics of LSA morphology were further derived by Reeb graph 
analysis of segmented LSA shapes which were compared between the two age groups and 
two field strengths, respectively. Unlike previous morphology analyses of LSAs that used 
two dimensional maximum intensity projections from TOF MRA at 7T (Kang et al., 2009a) 
or two dimensional minimum intensity projections from TSE-VFA at 3T (Zhang et al., 
2019), we implemented a novel three-dimensional shape analysis of LSAs derived from T1-
weighted TSE-VFA black-blood images to quantify the morphology of the vessels.
2. Methods
2.1 Extended Phase Graph Simulation
High-resolution black blood MRI with 3D TSE-VFA has been introduced recently for 
imaging intracranial vessel wall and plaques by utilizing an optimal VFA scheme to achieve 
a longer echo train length (ETL) for more effective flow suppression and a higher signal-to-
noise ratio (SNR) efficiency compared to standard 3D TSE sequences (Busse et al., 2008; 
Mugler, 2014; Park et al., 2007; Qiao et al., 2011). However, existing 3D TSE-VFA 
techniques for vessel wall imaging were targeted for the suppression of relatively fast blood 
flow in large vessels as well as for maximizing the contrast between vessel wall and the 
surrounding cerebrospinal fluid (CSF). In order to enhance the visualization of small vessels 
such as LSAs and optimize the contrast between LSAs and surrounding brain tissue (white 
matter and deep gray matter), the spin evolutions of 3D T1w TSE-VFA were simulated 
using the EPG. In this study, we employed the default VFA scheme provided by the vendor 
for generating T1w contrast for black blood MRI (Fig. 1A)(Zhu et al., 2016). The signal 
evolution curves, or the magnetization transfer function (MTF), for various ETLs were 
generated using EPG simulation software (Hargreaves, 2012) developed in MATLAB 
(Mathworks, MA, USA) (Fig. 1B). The simulation considered the effects of the flip angles 
(FA) of the radiofrequency (RF) pulses, T1/T2 relaxations, and flow velocities on echo 
intensities (or the transverse magnetization component that develops during free precession). 
Point spread function (PSF) analysis was performed to evaluate the image blurring at higher 
field strength (Fig. 1C, top) or with a longer echo train (Fig. 1C, bottom), taking into 
account the elliptical-centric k-space ordering within the ky-kz plane (Busse et al., 2008) 
(see Supplemental Fig. S2B). The Fourier transform of the MTF is the PSF along the phase 
encode direction, and the full width at half maximum (FWHM) measurement can be used as 
a proxy for the effective resolution achieved in the image. Literature values of T1 and T2 
relaxation times were used: T1/T2=1084/69 ms and T1/T2=1220/47 ms for white matter 
(WM) at 3T and 7T, respectively; T1/T2=1332/99 ms and T1/T2=1644/47 ms for deep gray 
matter (GM) at 3T and 7T, respectively; T1/T2=1932/275 ms and T1/T2=2587/68 ms for 
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arterial blood at 3T and 7T, respectively (Blockley et al., 2008; Cox, 2008; Dobre et al., 
2007; Krishnamurthy et al., 2014; Li et al., 2016; Stanisz et al., 2005; Wright et al., 2008). 
As the LSAs are located among the white matter and deep gray matter, EPG simulations 
were performed for both tissues to achieve optimal results.
Using the EPG algorithm, we can observe the magnetization evolution and echo formation 
along multiple RF pulses. In order to incorporate slow flow dephasing of arterial blood 
signal within the LSAs into the EPG simulation, the following equation was used to 
calculate the accrued interpulse phase of the transverse magnetization, Δφ(n):
Δφ (n) = γ v ∫
(n − 1)τ
nτ
G (t)t dt [1]
where γ is the gyromagnetic ratio (42.58 MHz/T), v is the average velocity of blood flow in 
small arteries (i.e. 4.5–8.2 cm/s) (Bouvy et al., 2016; Schnerr et al., 2017), n is the sequential 
order along the echo train, τ is half of the echo spacing, and G is the applied gradient 
amplitude. Laminar flow was employed to approximate the flow distribution in LSAs 
(Guyton and Hall, 1991). The flow distribution p(v), or the area of the blood vessel cross-
section containing blood traveling at velocities between v and v+dv is given by (Maccotta et 
al., 1997)
p(v) = 1/vmax [2]
where vmax is the maximum flow velocity. It can be shown that Eq. [1] still applies to 
laminar flow, with v being the average velocity of blood flow or half of vmax (see 
supplement for derivation). Based on the reported mean flow velocities in LSAs (4.5–8.2 
cm/s) (Bouvy et al., 2016; Schnerr et al., 2017) and the first gradient moment (M1), the 
accrued interpulse phase can be estimated. In this experiment, the first gradient moments for 
the echo train along the 3 axes were: M1readout = 0.0936 mT·s2/m, M1phase-encode = 0.0225 
mT·s2/m, M1slice = −6.8754 mT·s2/m at 3T; and M1readout = 0.0917 mT·s2/m, 
M1phase-encode = 0.0213 mT·s2/m, M1slice = −6.3806 mT·s2/m at 7T respectively. The 
gradient amplitude along the phase-encode (A-P) direction was used in the simulation to 
represent the most conservative estimate of flow induced phase accrual.
The calculated accrued phase term was added to the phase of each configuration state of the 
spin system associated with a refocusing RF pulse in the TSE sequence, as described 
previously (Weigel, 2015). As employed for in vivo scanning, the elliptical-centric ordering 
scheme was used for k-space encoding and the second echo was used as the TE. Following 
the echo train, the magnetization was rotated to the negative z-axis by a +90° RF pulse along 
the y-axis, which consequently suppressed the CSF signal (Becker and Farrar, 1969; Fan et 
al., 2017; Melhem et al., 2001; Van Uijen and Den Boef, 1984). Since CSF still has 
remaining transverse magnetization at the end of the echo train due to its long T2, the +90° 
RF pulse tips the magnetization to the negative z-axis, causing CSF signal attenuation at the 
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beginning of the following RF pulse train. Although CSF signal attenuation is not typically 
desired for intracranial angiography, this additional +90° RF pulse along the y-axis was 
evaluated for its effects on the LSA contrast. The simulations were performed with varying 
TRs and ETLs to optimize the contrast between arterial blood in LSAs and surrounding WM 
and deep GM respectively. In addition, the effect of B1 variations on the contrast between 
LSAs and WM was evaluated by repeating EPG simulations with B1 variations between 
−20% and 20%.
2.2 Subjects
A total of 23 healthy volunteers were recruited for this study after they provided written 
informed consent following a protocol approved by the Institutional Review Board (IRB) of 
the University of Southern California. Of these volunteers, 3 were excluded due to failures to 
complete the study protocol. Within the remaining 20 volunteers, 3 subjects (3 male, age 
23.7 ± 2.5 years) participated in the pilot study to optimize the T1w TSE-VFA sequence. 
The other 17 healthy volunteers participated in the evaluation study of the optimized T1w 
TSE-VFA, including 12 participants (7 male, 27 ± 3.5 years) between 19–35 years of age 
and 5 participants (2 male, 64.2 ± 1.9 years) more than 60 years of age, herein referred to as 
the young and aged group, respectively. All participants were screened for history of or 
concurrent neurological or psychiatric disorder or systemic disease.
2.3 MRI Experiment
All MRI scans were performed on a Siemens 3T Prisma scanner with a product 32-channel 
head receive coil and body transmit coil, and on a Siemens 7T Terra scanner (Erlangen, 
Germany) with a single-channel transmit/32-channel receive (1Tx/32Rx) head coil (Nova 
Medical, Wilmington, MA, USA). The imaging protocols for T1w TSE-VFA were based on 
the clinical protocols of the SPACE (Sampling Perfection with Application optimized 
Contrast using different flip angle Evolution) sequence (Lichy et al., 2005) at 3 and 7T 
respectively. Pilot scans were performed at both 3T and 7T to evaluate the parameter 
optimization of TR and ETL (number of echoes) based on the EPG simulations. 
Additionally, various imaging parameters were evaluated including the use of slab-selective 
vs. non-selective excitation, saturation bands, magnetization restoration at the end of the 
echo train, and imaging slab orientation (sagittal vs. coronal). ECG triggering was also 
tested to evaluate the potential effect of flow pulsatility on the delineation of LSAs.
For the evaluation study, each participant underwent back-to-back scans on the 3T Prisma 
and 7T Terra systems, respectively, on the same day with counterbalanced order. The 
imaging protocol included a 3D MPRAGE structural scan at 3T (TR/TE=2300/2.98 ms, 
matrix=240×256, resolution=1×1×1 mm3, scan time=5:12 min) and a 3D MP2RAGE 
structural scan at 7T (TR/TE=4500/3.43 ms, matrix = 320×320, resolution=0.7×0.7×0.7 
mm3, scan time=9:46 min). A high-resolution 3D time of flight (TOF) sequence for bright 
blood MR angiography (MRA) was performed at 7T for the visualization of the LSAs 
according to Kang et al. (TR/TE=12/4.67 ms, matrix=548×672, resolution=0.3×0.3×0.3 
mm3, GRAPPA factor = 3 in the phase-encode direction, FA = 20°, scan time=9:25 min) 
(Cho et al., 2008; Kang et al., 2009a). The optimized imaging protocols for T1w TSE-VFA 
were performed at 3T and 7T, respectively. Imaging parameters for 3T T1w TSE-VFA were: 
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TR/TE=1000/12 ms, turbo factor = 44, matrix size=756×896, resolution=0.51×0.51×0.64 
mm3, sagittal slab with 160 slices and 10% oversampling, GRAPPA factor = 2 in the phase-
encode direction, total imaging time =8:39 min, 2 sagittal saturation bands were placed at 
the left and right temporal regions to suppress the out-of-FOV signals. Imaging parameters 
for 7T T1w TSE-VFA were: TR/TE=1200/13 ms, turbo factor = 40, matrix size= 320×320, 
resolution=0.5 mm3 isotropic, sagittal slab with 288 slices and no slice oversampling, 
GRAPPA factor = 3 in the phase-encode direction, total imaging time =10:05 min. No 
saturation bands were applied due to specific absorption rate (SAR) limitations at 7T. For 
both 3T and 7T T1w TSE-VFA, an elliptical-centric ordering k-space sampling pattern 
(within ky-kz plane)(Busse et al., 2008) was employed to minimize potential head motion 
effects. Following the echo train, the magnetization was rotated to the negative z-axis by a 
+90° RF pulse along the y-axis to suppress the CSF signal (Fan et al., 2017; Van Uijen and 
Den Boef, 1984). The total time of the 3T and 7T study was typically 1.5 hours. The scan 
protocol parameters are summarized in Table 1.
To avoid degradation of the images due to motion, additional steps were implemented to 
physically limit motion including packing the head coil with cushions and applying paper 
tape across the coil on the forehead skin for tactile feedback.
2.4 Image Analysis
2.4.1 CNR quantification—All images were reviewed to ensure the absence of visible 
motion corruption or other artifacts. 3D T1w TSE-VFA images were reoriented in the 
coronal view, and LSAs were visualized by thin-slab (10 mm) minimum intensity projection 
(minIP) for qualitative review. The contrast to noise ratio (CNR) between arterial blood in 
the LSA and surrounding WM was calculated using Fiji software (Schindelin et al., 2012) by 
drawing a line across multiple dark vessels in an axial slice of the raw image data (such as 
the one shown in Figure 2) with slices containing the lateral stems, medial stems, lateral 
mid-length, and lateral distal portions, respectively. The signal intensity along the lines (i.e., 
signal profile in Figure 6 inset) was plotted. The signal intensities along the valleys (mean 
values in the lower quartile) were considered measures of the arterial blood signal. A 20 
mm2 circular region of interest (ROI) was drawn on the homogeneous WM that was adjacent 
to the basal ganglia region with matched locations on 3T and 7T images, respectively. The 
CNR was calculated by taking the signal intensity difference between WM and arterial 
blood of LSAs divided by the standard deviation of signals in the WM ROI (Zhang et al., 
2019).
The raw images of TOF MRA at 7T were co-registered with 3D T1w TSE-VFA images at 
7T in each subject using FreeSurfer (Fischl et al., 2002; Fischl et al., 2004) and Elastix 
version 4.8 (Klein et al., 2010; Shamonin et al., 2014) in Laboratory of Neuro Imaging 
(LONI) Pipeline (Rex et al., 2003). The CNR of TOF MRA was calculated along the same 
signal profile lines and WM ROI used for T1w TSE-VFA, except that the signal intensities 
along the peaks (mean values in the upper quartile) were taken as the arterial blood signal.
2.4.2 Vessel Segmentation and Morphology Metrics—We developed a three-step 
method to extract quantitative 3D measurements of LSAs for both TSE-VFA and TOF MRA 
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(Figure 2). As the first step, manual vessel segmentation was performed by an experienced 
neuroradiologist (Y.C.) using ITK-SNAP (Yushkevich et al., 2006). To increase the accuracy 
of vessel masks, raw images of all axial, coronal, and sagittal views were used in ITK-SNAP 
as shown in Figure 2a. However, geometric and topological outliers occur frequently during 
manual segmentation due to limited image resolution or anatomical variability across 
subjects. As the second step to perform quantitative shape analysis on these data, we applied 
the surface reconstruction method (Shi et al., 2010) that uses the Laplace-Beltrami (LB) 
spectrum for outlier removal without shrinkage (Figure 2b). The LB spectrum can be viewed 
as a generalization of the Fourier basis onto general surfaces. Building upon this intuitive 
understanding, the mesh reconstruction method (Shi et al., 2010) iteratively projects the 
mask boundary onto a subspace of low frequency LB eigenfunctions and removes outliers 
with large changes during the projection process. As shown in Figure 2, our method 
successfully obtains a smooth surface for each vessel (Figure 2b, vessel surface 
reconstruction). This fully automatic and iterative method allows the generation of a smooth 
surface representation of LSAs without shrinking other parts of the mask, and it ensures that 
all surfaces have a consistent genus-zero topology, which means all surfaces have no handle 
or hole in the reconstructed mesh (Xiao et al., 2003).
As the last step, the Reeb graph analysis method (Shi et al., 2008) was applied to model and 
extract geometrical measurements of 3D vessel shapes such as vessel length and tortuosity 
for 3T and 7T images, respectively (Figure 2c). The Reeb graph is an abstract graph 
describing the neighboring relation of the level contours of a function defined on a surface. 
Following our work on brain surfaces (Shi et al., 2013), we used the first non-constant LB 
eigenfunction as the feature function f for Reeb analysis. More specifically, we sampled 25 
evenly spaced level contours of f as plotted on the vessel surface in Figure 2c. The centroid 
of each contour was used to explicitly represent the graph nodes. For the purpose of 
measuring the longest branch in each vessel, we assumed that the Reeb graph followed a 
chain topology, where each node on the graph only had up to two neighbors. To estimate the 
vessel length (Figure 2c), we extracted the center line or medial core of the 3D vessel 
surface by connecting the centroids of level contours, then summed up the distances of every 
two adjacent centroids. For vessel tortuosity, we used the common distance metric measure, 
which provides a ratio of the estimated vessel length to the Euclidean distance between the 
two end points of the curve. Vessel thickness could also be estimated; however, we chose not 
to report the results due to potential errors of small vessel size on the order of one voxel.
2.5 Statistical Analysis
Statistical analysis was performed with STATA 13.1 (College Station, Texas). CNR 
measurements were compared across the three techniques (T1w TSE-VFA at 3T and 7T, and 
TOF MRA at 7T) using within-subject ANOVA, followed by post-hoc paired t-test for 
pairwise comparison. Morphological metrics (vessel length, tortuosity) were subjected to 
Repeated-Measures ANOVA to evaluate the effect of age group, gender, field strength, and 
hemisphere. The total branch number was also compared across the three techniques (T1w 
TSE-VFA at 3T and 7T and TOF MRA at 7T) using within-subject ANOVA. A p-value ≤ 
0.05 (two-sided) was considered statistically significant.
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3. Results
3.1 EPG Simulations
The VFA schemes (Zhu et al., 2016) employed for T1w TSE are displayed in Figure 1A. 
The signal evolution along an echo train as well as the corresponding point-spread functions 
(PSF) taking into account the elliptical-centric k-space ordering (within the ky-kz plane, 
Supplemental Figure S2B) (Busse et al., 2008) are displayed in Figure 1B and 1C, 
respectively, for 3T (Figure 1, top row) and 7T (Figure 1, bottom row). Using the T1w VFA 
schemes provided by the vendor, the PSF was sharper at 7T (FWHM= 1.47 pixels) 
compared to 3T (FWHM=1.59 pixels). The employed VFA schemes also resulted in reduced 
T2 blurring along the echo train or sharper PSFs for longer ETLs at both 3 and 7T (Fig. 1C).
Taking into account phase accrual due to various blood flow velocities in the LSAs (4.5–8.2 
cm/s), the optimal CNR between arterial blood and white matter was achieved with a TR of 
1000 ms for the ETL of 33 and 41 or a TR of 1100 ms for the ETL of 60 at 3T, and a TR of 
1200 ms for the ETL of 33, 41, and 60 at 7T, respectively (Figure 3A&B). The simulated 
CNR curves between arterial blood and deep gray matter at 3 and 7T respectively are shown 
in Figure 3C&D. The optimal CNR between arterial blood and deep gray matter was 
achieved with a TR of 1200 ms for the ETL of 33 and 41 or a TR of 1300 ms for the ETL of 
60 at 3T, and a TR of 1300 ms for all 3 tested ETLs at 7T. Based on the simulation results to 
achieve the maximal CNR with an imaging time of 10min, the ETL of 40 with TR of 1000 
ms and the ETL of 44 with TR of 1200 ms were employed for in vivo imaging at 3T and 7T, 
respectively (Figure 4). The effect of B1 variations on the contrast between LSAs and WM 
was also simulated, and the results showed that the contrast varied approximately linearly 
with the magnitude of B1 field, and the B1 effect was larger at 7T compared to 3T 
(Supplementary Figure S1).
3.2 Optimization of T1w TSE-VFA
Pilot studies were performed to optimize the T1w TSE-VFA protocol based on simulation 
results. Figure 4 shows a comparison of thin-slab (10 mm) minIP images of LSAs displayed 
with the same window/level settings using various imaging protocols (TR=600 or 1000 ms 
and ETL=40 or 60 at 3T; TR = 1200 ms and ETL = 44 or 60 at 7T). The experimental result 
matched well with EPG simulation results of Figure 3, resulting in the optimal TR of 1000 
ms and ETL of 40 at 3T, and the optimal TR of 1200 ms and ETL of 44 at 7T. Improved 
sharpness of LSAs with the optimized T1w TSE-VFA protocol can be clearly seen. The 
+90°y pulse at the end of the echo train was evaluated for the effects on CNR. As shown in 
Supplementary Figure S3, the +90°y pulse further suppressed the CSF signal in the distal 
portions of the LSAs. However, the improved CNR between the LSAs and surrounding 
tissue enabled improved manual segmentation. The effect of ECG triggering is shown in 
Supplementary Figure S4 of minIP images of LSAs acquired without and with ECG 
triggering, respectively. Improved delineation of LSAs especially the distal branches can be 
seen with ECG triggering at the price of increased scan time (10–12 minutes depending on 
the cardiac rate). Sagittal and coronal slab orientations were compared and the results are 
shown in Supplementary Figure S5 with the table of sequence parameters in Supplemental 
Table 1. Coronal slab orientation had the potential advantage of more efficient coverage of 
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LSAs and reduced imaging time (7min 31sec); however, LSAs branching off the medial 
MCA were often missed compared to those observed using sagittal slab orientation, 
probably due to reduced SNR. Therefore, our final imaging protocol utilized sagittal slab 
orientation with TR=1000 ms/ETL=44 and TR=1200 ms/ETL=40 at 3T and 7T, 
respectively. ECG triggering was ultimately not employed due to prolonged scan time and 
potential variation in LSA contrast due to individual differences in cardiac rate.
3.3 Evaluation of T1w TSE-VFA
Figure 5 shows thin slab minIP images of LSAs from two representative young and two 
aged subjects using T1w TSE-VFA at 3T and 7T, as well as corresponding maximum 
intensity projection (MIP) images using TOF MRA at 7T. Qualitatively, LSAs were more 
clearly delineated with increased field strength, particularly in the distal portions of the 
vessels. T1w VFA-TSE at both 3T and 7T were able to resolve more LSAs than 7T TOF 
MRA (p<0.05), especially the LSAs located in the medial portion of the MCA (Figure 5, 
white arrows). As summarized in the bar plot of Figure 6, the CNR between LSAs and 
surrounding tissue were comparable between images acquired at 7T versus 3T for mid-
length and distal portions of the LSAs. Compared to TOF MRA at 7T, the CNR of the stems 
of the LSAs originating from the lateral portion of the MCA in young subjects was 
significantly lower using T1w TSE-VFA (3T, p=0.045; 7T, p = 0.034). However, the CNR of 
the stems of the LSAs originating from the medial portion of the MCA in both young and 
aged subjects was significantly higher using T1w TSE-VFA compared to 7T TOF MRA 
(young 3T, p= 0.001; young 7T, p=0.001; aged 3T, p=0.003; aged 7T, p<0.001).
Figure 7 shows 3D renderings of manually segmented left LSAs on T1w TSE-VFA images 
at both 3T and 7T. Each primary vessel was assigned a different color label, with shorter 
secondary branches being given separate labels from the primary vessel. The total bilateral 
number of primary vessels counted using T1w TSE-VFA at 3T (mean ± SD: 11.00 ± 3.02) 
and 7T (11.65 ± 2.55) was significantly higher than that by TOF MRA at 7T (6.47 ± 1.68, 
p=0.0001). Additionally, significantly more secondary branches could be detected in 7T 
T1w TSE-VFA (3.75 ± 1.60, p=0.0075) compared to that at 3T (2.25 ± 1.71). Supplemental 
Figure S6 shows a few more examples of the 3D renderings where more branching was 
detected with 7T imaging. Metrics of vessel morphology including vessel length and 
tortuosity were quantified by Reeb graph analyses and subjected to ANOVA (see Table 2 for 
mean ± SD values of the metrics at 3T and 7T in two age groups, respectively). The effect of 
hemisphere and gender were not significant for both metrics. The effect of age group was 
significant for mean vessel length (p=0.0257), which was reduced in aged subjects for 7T 
TSE-VFA. The mean tortuosity was increased in aged subjects but the effect was not 
significant (p=0.25 for 7T TOF), as shown in the boxplots in Figure 8.
4. Discussion
4.1 Clinical Value of LSA Imaging
In this study, we presented high resolution (isotropic ~0.5mm), black blood T1w TSE-VFA 
for the visualization and characterization of LSAs at both 3 and 7T. To date, very few 
techniques are available for in vivo imaging of LSAs. Digital subtraction angiography 
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(DSA) and X-ray computed tomography angiography (CTA) have been applied for the 
characterization of LSAs in clinical populations (Gotoh et al., 2012; Kammerer et al., 2017). 
However, DSA is an invasive procedure and both DSA and CTA involve radiation exposure, 
precluding their use in healthy and/or preclinical populations. The sensitivity of DSA and 
CTA for visualizing LSAs is moderate with reported number of LSAs in the range of 1–7 
(Gotoh et al., 2012). In contrast, the presented black blood MRI with T1w TSE-VFA is not 
only noninvasive, but also more sensitive in delineating LSAs with detected number of 
vessels (6–18) consistent with textbook descriptions of LSAs (Marinković et al., 2001; 
Umansky et al., 1985). Our technique may be useful for the clinical diagnosis of subcortical 
lacunar stroke and hemorrhages, and may be applied as a screening tool for LSA 
(micro)aneurysms in healthy populations.
4.2 T1w TSE VFA and 7T TOF MRA
TOF MRA at 7T has been proposed for visualizing and quantifying LSAs, which was 
considered impractical at lower field strengths (Cho et al., 2008). In this study, we presented 
optimized imaging protocols of T1w TSE-VFA at both 3T and 7T for visualizing LSAs. 
Compared to the reference standard of 7T TOF MRA, T1w TSE-VFA at both 3T and 7T 
were able to detect more primary stems of LSAs, although 7T TOF MRA enabled longer 
segmentation of the few LSAs that were detected. The CNR of 7T TOF MRA was greater 
than that of T1w TSE-VFA in relatively thick LSAs, however the saturation effect of TOF 
MRA on slow flowing spins led to compromised delineation of smaller LSAs. In contrast, 
our EPG simulation showed that small arteries with flow velocity in the range of 4.5–8.2 
cm/s (Bouvy et al., 2016; Schnerr et al., 2017) can be reliably visualized by T1w TSE-VFA 
due to combined effects of longer T1/T2 values of arterial blood and flow induced phase 
dispersion during TSE readout at both 3T and 7T. These simulation results were further 
verified by in vivo experimental data, suggesting T1w TSE-VFA may outperform 7T TOF 
MRA for visualizing (small) medial LSAs at both clinical field strength and ultrahigh 
magnetic field. Black blood MRI also allows simultaneous assessment of vessel wall and 
parenchymal lesions. It is worth noting that the TOF MRA protocol in our experiment was 
not as fully optimized as that of TSE-VFA, so the comparison results between the two 
techniques may need to be interpreted with caution.
For black blood MRI with T1w TSE-VFA, the CNR of LSAs was comparable at 3T with 
that at 7T, although significantly more LSA secondary branches could be delineated at 7T. 
The spatial resolution of T1w TSE-VFA was slightly lower at 3T (voxel size = 
0.51×0.51×0.64mm3) than 7T (0.5×0.5×0.5mm3) in the present study. The reduced T2 
blurring and sharper PSF at 7T enabled easier identification of LSAs, and the segmented 
vessel lengths were significantly longer than that at 3T. However, the other LSA metrics 
including vessel number and tortuosity, were not significantly different between 3T and 7T, 
suggesting 3T T1w TSE-VFA may be sufficient for capturing the morphology of LSAs. It 
must be noted that the above metrics were derived from manual segmentation of LSAs, 
which is time consuming and may be subjective. For automated segmentation of LSAs, the 
sharpness and improved SNR at 7T may be more advantageous. In addition, the 7T Terra 
MR system used in the present study is the first FDA approved ultrahigh field MR system. 
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All developed MR pulse sequences and imaging protocol can therefore be directly translated 
to clinical imaging.
4.3 Aging Effects on LSAs
In the present study, significant differences between the two age groups were found for the 
number of detected LSAs. These results are consistent with recent findings of a reduced 
number of perforators in the basal ganglia of patients with lacunar infarction compared to 
matched controls (Geurts Lennart et al., 2019). There was also a trend of decreased mean 
vessel length and increased mean tortuosity in the aged group. A recent phase-contrast (PC) 
MRI study assessed flow pulsatility of LSAs at 7T and found increased pulsatility index and 
reduced damping factor of LSA blood flow in aged subjects, suggesting increased stiffness 
and reduced vascular compliance of LSAs with aging (Schnerr et al., 2017). The reported 
mean (minimum–maximum) flow velocity was 8.2 (6.2–10.1) cm/s and 4.5 (2.9–6.1) cm/s in 
young and aged subjects, and the number of LSAs that can be reliably identified for flow 
measurement was 3–7 and 3–4 in young and aged subjects, respectively. Our data of reduced 
vessel number and length in aged subjects are highly consistent with the PC MRI study, 
suggesting that reduced flow velocity and pulsatility index may contribute to impaired 
visualization of LSAs in T1w TSE-VFA scans.
Our data is also consistent with past studies quantifying the morphology of LSAs showing 
significant differences between subjects with subcortical vascular dementia (SVaD) and 
healthy controls (Seo et al., 2012) as well as between hypertensive and normotensive 
subjects (Kang et al., 2009b). With the presence of vascular risk factors such as diabetes, 
hypertension, and hyperlipidemia, the LSA metrics such as vessel number and length may 
further decrease compared to healthy controls. However, increased LSA tortuosity has been 
reported in vascular dementia compared to age matched controls (Seo et al., 2012). While 
this trend of increased tortuosity of LSAs in aged subjects was observed in the 7T TOF 
scans of our study, there was no significant difference in tortuosity when evaluated using 
TSE-VFA images at 3 or 7T. As the morphologic metrics in our study were derived from 
manually segmented LSAs, it is possible that the distal portions of LSAs were not well-
detected by the human eye. As a result, tortuosity was mainly quantified in larger LSA 
stems, leading to similar tortuosity in aged subjects (tortuosity is defined as the ratio 
between the actual path length divided by the linear distance). It is also possible that 
tortuosity of LSAs may increase and subsequently contribute to altered blood brain barrier 
permeability at the distal ends of these perforators in aged subjects at risk of developing 
cerebral small vessel disease and dementia compared to age matched controls (Shao et al., 
2019). This hypothesis is being tested in our lab on a cohort of aged subjects.
Due to the relatively long acquisition time, a limitation of the black blood MRI sequence is 
the possibility for motion, especially in the less compliant aged subjects. Motion artifacts 
such as blurring and ghosting were observed in the TSE-VFA images of the excluded 
subjects who failed to complete the MRI scans. Motion artifacts can also affect the manual 
segmentation in aged subjects, since even a slight shift of the head can affect the 
visualization of the 80–1400 μm diameter LSAs. Due to the use of packing in the head coil 
Ma et al. Page 11
Neuroimage. Author manuscript; available in PMC 2020 October 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
and applying paper tape across the forehead skin for tactile feedback, the black blood MRI 
data included in our analyses were free of visible motion or other artifacts.
4.4 LSA Segmentation and Shape Quantification
Using manual segmentation and automated surface modeling, we performed fully 3D 
analyses of the LSA morphometry in this study. The vessel counts observed for each 
modality using manual segmentation in this study align with the findings of number of stems 
(two to ten) and tortuosity observed in previous 7T TOF studies (Kang et al., 2009a; Kang et 
al., 2009b; Seo et al., 2012). The surface reconstruction and Reeb graph analysis methods 
provided a consistent representation for the comparison of vessel geometry across subjects 
and vessel branches. Significant differences were detected between age groups based on the 
measures from Reeb graph modeling. While we used manually delineated masks for our 
quantification, the 3D shape analysis tools can be directly applied to automated 
segmentation results when they become available. This will be a main direction for our 
future research. The manually segmented masks form a reasonable training data for 
supervised learning algorithms if we consider that there are typically 10+ vessel branches 
from each subject. For medical image segmentation, patch-based deep learning segmentation 
algorithms have achieved success in various tasks (Kamnitsas et al., 2017; Wachinger et al., 
2018). We will leverage these frameworks for our research on automated LSA segmentation 
as they fit very well with the vessel segmentation problem, which is inherently based on 
contrasts in a local neighborhood.
4.5 Limitations of the Study
There are several limitations of this study. First, T1w TSE-VFA also suppresses CSF due to 
its long T1/T2 values; therefore, the delineated LSAs may include perivascular space (PVS). 
However, we have compared T1w TSE-VFA and T2w TSE-VFA (Supplementary Figure 
S7), which delineates PVS; and the locations of LSAs in black blood MRI did not 
completely match those of PVS in the basal ganglia area. Another possibility is to combine 
complementary flow suppression techniques like DANTE (Viessmann et al., 2017; Xie et al., 
2016) with the T1w VFA-TSE sequence to further suppress the signal of moving spins in 
arterial blood and improve black-blood contrast. Second, the image contrast of LSAs may be 
affected by B1 inhomogeneity, especially at 7T. Nevertheless, the central location of LSAs at 
the “bright spot” of B1+ field due to dielectric effects at 7T is favorable for enhancing the 
CNR of LSAs, based on our simulation (Supplemental Figure S1). The region of interest for 
estimating the noise was taken from a relatively uniform white matter region within this 
“bright spot”, although the number of voxels in this region may not be as large as ideally 
required for the estimation of the standard deviation (Greenwood and Sandomire, 1950; 
Kellman and McVeigh, 2005). Third, the scan time of T1w TSE-VFA was relatively long 
(8:39 min at 3T and 10:05 min at 7T) making black blood MRI susceptible to motion 
artifacts. In order to reduce scan time, we have attempted zoomed TSE (Ma et al., 2017) and 
accelerated TSE with 2D CAIPI acquisition (Fritz et al., 2016). However, these two 
techniques caused reduced SNR and CNR, hindering the delineation of LSAs. In the future, 
prospective motion correction techniques using optical and/or RF tracking (Callaghan et al., 
2015) may be applied in conjunction with sparse sampling techniques such as compressed 
sensing. Due to SAR limitations at 7T, the imaging protocols and resolutions of TSE-VFA 
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were not identical at 3 and 7T. However, they were developed based on the best clinical 
practice at each field strength. Finally, manual segmentation of LSAs is time consuming and 
subjective. We are developing machine learning algorithms to automatically segment LSAs 
and quantify their shapes, using the manually segmented LSAs as the model for training.
5. Conclusions
High-resolution black-blood 3D T1w TSE-VFA sequence offers a new method for the 
visualization and quantification of LSAs at both 3T and 7T, which may serve as a promising 
imaging marker of pathological conditions related to damaged LSAs.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The variable flip angle schemes from the 3T Siemens Prisma (A, top) and the 7T Siemens 
Terra (A, bottom) T1w TSE-VFA sequence. Signal evolution curves were created using 
extended phase graph simulations for 3T parameters (B, top) and 7T parameters (B, bottom). 
Normalized point spread functions along the phase encode direction were calculated by 
taking the Fourier transform of the magnetization transfer function (MTF, in B) to evaluate 
T2 blurring due to field strength (C, top) and echo train length (C, bottom).
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Figure 2. 
Lenticulostriate artery morphological quantification workflow begins with manual vessel 
segmentation using ITK-SNAP on the raw TSE-VFA image (a). The vessel volumes are 
reconstructed, and a mesh surface is created in preparation for shape analysis (b). 
Quantitative measures such as vessel length and tortuosity are calculated from the Reeb 
graph (c).
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Figure 3. 
Plots of the signal difference between arterial blood and either white matter (WM) or deep 
gray matter (GM) as a function of TR for 3 different echo train lengths (ETLs) and blood 
flow velocities (4.5 cm/s for aged (A, C), and 8.2 cm/s for young (B, D)) respectively. The 
optimal TR is 1000 ms for T1w TSE-VFA at 3T (top row) and 1200 ms at 7T (bottom row) 
for signal difference between WM and blood. The optimal TR is 1200 ms for T1w TSE-
VFA at 3T and 1300 ms at 7T for signal difference between deep GM and blood (dashed 
lines).
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Figure 4. 
Coronal 10 mm thin slice minimum intensity projections of pilot scans using echo train 
length (ETL) of 40 or 60, and TR of 600 ms and 1000 ms at 3T (top two rows), and TR of 
1200 ms at 7T (bottom row), set to the same window level. The pilot scan results confirm 
trends observed in the EPG simulation, in which the best contrast is observed for ETL = 40 
and TR = 1000 ms at 3T. Due to SAR limitations for short TR at 7T, the theoretical optimal 
TR of 1200 ms was used, and the contrast observed with ETL = 44 is better than that of ETL 
= 60.
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Figure 5. 
Coronal 10 mm thin slice minimum intensity projections of both young and aged subject 
TSE-VFA scans at 3.0 Tesla (top row) and 7.0 Tesla (middle row). The bottom row shows 
coronal 10 mm thin slice maximum intensity projection of 7T TOF MRA. TSE-VFA can 
resolve more LSAs than 7T TOF MRA, especially for the LSAs located in the medial group 
along the middle cerebral artery (white arrows).
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Figure 6. 
CNR measures between blood and WM background in 3T VFA-TSE, 7T VFA-TSE, and 7T 
TOF images for different portions of the LSAs for age 19–35 years and age > 60 years 
respectively. The image intensity values were obtained by plotting the profiles across the 
regional planes (inset) and taking the mean of the top quartile as the tissue background 
signal and the mean of the bottom quartile of the signal plot profile as the vessel blood 
signal. Standard deviation of the noise was acquired from a region of interest (dotted circle) 
in tissue with relatively uniform contrast. * indicates significance (p < 0.05), ** indicates 
significance (p ≤ 0.001).
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Figure 7. 
Three-dimensional renderings of left LSAs from the manual segmentations of an aged 
subject (A,C,E) and a young subject (B,D,F). VFA-TSE at both 3T and 7T enabled the 
identification of more vessels in aged subjects, especially in the medial region. 7T VFA-TSE 
enabled the identification of more branches in general in the younger subjects (i.e. orange 
and turquoise branch vessels in D). Despite longer segmentation of vessels using 7T TOF 
images, fewer vessels could be identified. As summarized by the box plot of vessel count, 
significantly more vessels were detected in young subjects than in aged subjects (**, 
p<0.01), and more vessels were detected using VFA-TSE compared to 7T TOF MRA (*, 
p<0.05).
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Figure 8. 
Comparison of mean vessel length and tortuosity of lenticulostriate arteries in young (age 
19–35 years) and aged (age > 60 years) groups for each modality. * indicates significance 
p<0.05; ** indicates significance p<0.01.
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Table 1.
Summary of imaging parameters for sequences used in this study
3T T1w VFA TSE 7T T1w VFA TSE 7T TOF MRA
Bandwidth (Hz/pixel) 360 504 120
Resolution (mm3) 0.51 × 0.51 × 0.64 0.5 × 0.5 × 0.5 0.3 × 0.3 × 0.3
TE/TR (ms) 12/1000 13/1200 4.67/12.0
Orientation Sagittal Sagittal Axial
FOV Read 230 160 200
FOV Phase 194 160 163
Turbo Factor 44 40 --
Echo Train Duration (ms) 162 175 --
Slices 160 288 72
Slice Oversampling 1.1 1 1.33
Y Partial Fourier 0.61 Off 7/8
Z Partial Fourier 0.78 5/8 7/8
Accel. Factor PE 2 3 3
Echo Spacing (ms) 5.78 4.08 --
Acquisition Time 8:39 10:05 9:25
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Table 2.
Summary of Reeb graph metrics for 3T and 7T VFA-TSE manual segmentations of young and aged subjects 
(mean ± SD)
Metric 3T VFA-TSE 7T VFA-TSE 7T TOF
>60 years old <35 years old >60 years old <35 years old >60 years old <35 years old
Total Bilateral Count 8.20 ± 1.64 12.17 ± 2.69 9.00 ± 1.58 12.75 ± 2.01 5.00 ± 0.71 7.20 ± 1.55
Vessel Length (mm) 16.62 ± 2.41 17.38 ± 3.11 17.06 ± 2.09 18.93 ± 1.99 28.92 ± 6.59 30.78 ± 4.70
Tortuosity 1.17 ± 0.07 1.18 ± 0.07 1.20 ± 0.05 1.19 ± 0.04 1.39 ± 0.11 1.35 ± 0.10
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